ABSTRACT. The conventional point-source discharge permitting approach, referred to as the National Pollutant Discharge Elimination System (NPDES), is based on either a regulatory low flow (hydrologic, biological, or seasonal) 
tate and federal agencies maintain surface water quality by regulating point-source and nonpointsource discharges through restrictions on the release of pollutants. Often, because of challenges associated with regulating nonpoint-source discharges, point-source discharges are regulated. However, regulating point-source discharges involves numerous technical issues because complete treatment of waste is often expensive and impractical. Therefore, estimation of the dilution needed to regulate point-source discharges is important.
Point-source discharge is regulated using National Pollutant Discharge Elimination System (NPDES) permits written by state environmental regulatory agencies for lake and stream water quality protection. To maintain stream water quality, some states have approved anti-degradation rules for water quality regulation (Conrads et al., 2003) , which suggest utilizing a variable loading scheme, such as the hydrograph controlled release (HCR) approach, in order to utilize the increased assimilative capacity of streams during high flow periods. However, when extreme drought conditions persist for a long time, point-source dischargers relying on the HCR approach may have to hold their discharge for a long time due to extended low flow conditions in streams. This issue with the HCR approach can be better handled by incorporating reliable climate forecasts, such as, El Niño Southern Oscillation (ENSO) forecasts, issued by the National Oceanic and Atmospheric Administration (NOAA) with a six to nine month lead time.
Another commonly used approach for NPDES permitting is based on regulatory low flows that are analyzed using historical flow data. Accurate estimation of low flows is important for two reasons: (1) an overestimated low flow increases the risk that streams may not receive adequate protection for designated uses and aquatic life, and (2) an underestimated low flow will unnecessarily increase the cost of wastewater treatment. Accurate low flow estimation requires long-term data sets that are rarely available. A few past attempts (Saunders and Lewis, 2003; Saunders et al., 2004) to assess the minimum years of record required for proper estimation of regulatory low flows suggested that at least 10 to 20 years of data are required for proper estimation of regulatory low flows. Estimation of low flows based on less than ten years of data gives biased results and threatens water quality protection.
Uncertainty associated with the permitting process due to limited data can be reduced through a better understanding of the linkage between low flows and climate variability (Saunders and Lewis, 2003) . Since interannual climate variability resulting from the coupled ocean-atmosphere phenomena (ENSO) has a significant effect on streamflow in the Southeast U.S. (Ropelewski and Halpert, 1986) , climate variability information can be explicitly utilized for the interpretation of water quality in rivers (Scarsbrook et al., 2003) and to improve the conventional approach of NPDES permitting.
The conventional approach of using 7Q10 for permitting may not capture extremely low flow conditions (i.e., hydrologic drought) due to two reasons: (1) estimation of the low flow condition at a specific site is sensitive to the extent of the data record (Saunders and Lewis, 2003) , and (2) there is always a possibility of encountering flows lower than 7Q10 because it is the nonexceedence probability for the ten-year recurrence interval. This is the primary reason why pointsource discharges were not properly regulated during the extreme droughts of years 2000 and 2007 in the Southeast U.S. Many fish and other forms of aquatic life were under stress and died because of extremely low DO levels, high stream temperatures, and low streamflow (Johnson et al., 2001) .
High stream temperatures and high pH levels can cause ammonia nitrogen released from wastewater treatment plants (WWTPs) to become toxic to fish and other aquatic life. In order to protect fish and other aquatic life, the U.S. Environmental Protection Agency (USEPA) has devised an approach (equations) to tailor ammonia nitrogen discharge based on stream temperature, pH, and streamflow. However, climate variability has the potential to create variations in annual low flows (Mosley, 2000; Stahl and Demuth, 1999) , stream temperature, and pH. Using NOAA's ENSO forecasts, specifically the teleconnection of ENSO with DO level and stream temperature, it may be possible to tailor ammonia nitrogen discharge from WWTPs, especially when the conventional approach has the potential to miss an extreme hydrologic drought. Extreme hydrologic drought conditions may be overlooked and water quality protection may be threatened due to the inadequate representation of climate variability while estimating low flows. This is especially true when low flow estimation is based on a regression equation developed for a specific region (Kroll, 1992; Ries and Friesz, 2000) .
Few past studies have explored the influence of climate variability on low flow estimations and how this affects stream water quality protection (Saunders et al., 2004) . Considering the significant effect of climate variability on water quality, the objective of this research was to demonstrate how the NPDES permitting process can be improved through the use of climate information. The research explored extremely low flows and their autocorrelation and cross-correlation characteristics with ENSO. Further, the research analyzed historic ENSO events together with streamflow, stream temperature, and DO to evaluate toxicity-based and DO-based ammonia permitting in different ENSO phases so that the periods of high and low flows can be assessed for the assimilation of pollutant discharges. The research analyzed extreme high and low flow conditions for interseasonal transfer of pollutant loads, which is helpful for WWTPs operating under the HCR approach.
THEORETICAL BACKGROUND AMMONIA NITROGEN: BASIC CONCEPT
Ammonia is regarded as one of the most important contaminants in the aquatic environment because it is highly toxic to aquatic life in surface water systems (Russo, 1985) . Ammonia, generally expressed as total ammonia, consists of two components: ammonium (NH 4 + ), which is more available and is not toxic, and nondissociated or un-ionized ammonia (NH 3 ), which is toxic. The ratio of these species in a given aqueous solution depends on pH and temperature (Emerson et al., 1975; Erickson, 1985; Thurston, 1990; Wood and Evans, 1993) . If pH and temperature are known, ammonium and ammonia can be calculated in freshwater based on salinity (Hampson, 1977; Whitfield, 1974) 
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where T is temperature (°C).
EPA Approach for Controlling In-Stream Ammonia N
To develop standards for the control of ammonia toxicity for fish and aquatic life, acute and chronic ammonia toxicity criteria were devised by the USEPA (1998, 1999) . The acute criterion recommendation given by the USEPA is called the criterion maximum concentration (CMC), and the chronic criterion recommendation is called the criterion continuous concentration (CCC). Readers may refer to the "Draft 2009 update of aquatic life ambient water quality criteria for ammonia-Freshwater" (USEPA, 2009) for detail information about CMC and CCC. The following paragraph describes the USEPA-prescribed, national criteria for ammonia in freshwater.
National Criteria for Ammonia in Freshwater
The ammonia toxicity guidelines are based on acute criteria (CMC) of 2.9 or 5.0 mg N L -1 , and the chronic criteria (CCC) are based on 0.26 or 1.8 mg N L -1 for the presence and absence of freshwater mussels, respectively. For a given temperature and pH, the following conditions should be sufficient to protect freshwater aquatic life until and unless a remarkably delicate species is to be protected at a site (USEPA, 2009):
1. When freshwater mussels are present, the total ammonia nitrogen concentration (the 1 h average in mg N L -1 ) should not exceed the standard, on an average, more than once every three years: 
2. When freshwater mussels are present, irrespective of the presence of fish early life stages, the chronic criteria, i.e., the total ammonia nitrogen (30-day average concentration in mg N L -1 ), should not exceed the standard, on an average, more than once in every three years: 
3. Further, the highest 4-day average during the 30-day period should be well below 2.5 times the CCC.
Ammonia Permitting Approach
Two criteria, toxicity-based and DO-based, are important for permitting ammonia nitrogen into freshwater systems. The selection basis for CMC or CCC criteria is based on the stream dilution ration (SDR), which is defined as:
where 7Q10 represents seasonal, 7-day, consecutive low flows with a 10-year recurrence interval calculated separately for summer and winter, and Q w is the facility design flow. If the SDR is less than 1%, the water body is considered stream-dominated and the CMC will be applied to determine the ammonia toxicity limitations. Otherwise, the water body is considered effluent-dominated and CCC will be applied. Ammonia toxicity limitations for summer and winter are determined based on allowable summer and winter stream ammonia nitrogen (eqs. 3 or 4) using the following equation: Headwater NH N 7 1 -0 )
DO-Based Ammonia Permitting Approach
The next step is to determine the DO-based ammonia limit using the DO model. It is important to make sure that the minimum DO level is maintained in the stream after possible nitrification for a given release of ammonia nitrogen as the point source. The permitting is established based on the lesser of the toxicity-based ammonia and DO-based ammonia limits. Compared to winter, summer DO is very low because: (1) the solubility of oxygen decreases significantly with an increase in temperature, and (2) re-aeration decreases due to low streamflow. Besides seasonal variation in DO, DO and ammonia levels in a stream may be affected by climate variability caused by periodic, nonstationary phenomenon such as ENSO. The following section briefly discusses climate variability and its impact on water quality.
Climate Variability and Water Quality
ENSO has been developed as one of the most reliable phenomena for relating interannual climate variability in terms of surface air temperature and precipitation on both local and global scales (Ropelewski and Halpert, 1986) . ENSO is a coupled, ocean-atmospheric phenomenon that occurs in the equatorial Pacific Ocean and the atmosphere above it and results in varied climatic effects in different parts of the world (Roy, 2006) . The terms "El Niño" and "La Niña" describe the respective warming and cooling of sea surface temperatures off the shores of the west coast of South America. Low-frequency climate forcing, such as ENSO, has been found to have strong predictable effects on temperature, precipitation, and streamflow (Hansen et al., 2001; Kulkarni, 2000; McCabe and Dettinger, 1999; Pascual et al., 2000; Piechota and Dracup, 1996; Rajagopalan and Lall, 1998; Roy, 2006 ) and water quality (Keener et al., 2007; Marcé et al., 2010) in different parts of the world. Considering the potential link between ENSO, streamflow, and stream water quality, and also considering that NOAA can provide reliable ENSO forecasts, this study hypothesized that ENSO forecasts can be successfully used in NPDES permitting for better protection of aquatic life in streams and rivers.
MATERIALS AND METHODS

STUDY AREA
The study was conducted in the Chickasaw Creek watershed ( fig. 1 ) located in Mobile County in southern Alabama, near the Mississippi state border in the Mobile River basin. The watershed, which is 714 km 2 in size and 45.9 km in length, starts at Citronelle, Alabama, in the northern part of the state and drains into Mobile Bay. The watershed is dominated by Coastal Plain geology with an elevation range from a maximum of 13 m (43 ft) to a minimum of 0 m at the watershed outlet. The annual precipitation in the watershed is 165 mm (65 in.). The section of the creek between Eight Mile Creek and the Mobile River receives the highest combined point-source loading of total nitrogen (TN), total phosphorus (TP), and biological oxygen demand (BOD) ( fig. 1 ). Before 1990, there were many pointsource dischargers, such as large pulp and paper mills and chemical manufacturing plants. However, currently, there is only one WWTP (Stanley Brooks WWTP, AL0055204) with active NPDES permitted discharging into Chickasaw Creek. The most significant impairment to water quality (hypoxia) in the creek is due to low DO concentration. Historical monitoring efforts suggest a severe threat of low DO concentration downstream of the confluence with Eight Mile Creek. A segment of the creek is classified as having agricultural and industrial (A&I) use. Other parts of the creek are classified as having fish and wildlife use and public water supply use.
OVERALL MODELING APPROACH
In order to best represent the unsteady and dynamic characteristics of Chickasaw Creek, a one-dimensional hydrodynamic model (EPD-RIV1) (USEPA, 2004) was linked with the watershed model Loading Simulation Program C ++ (LSPC) (Shen et al., 2005) . We linked the models to develop nutrient and DO models for the Chickasaw Creek watershed using the best available data and standard modeling practices. The LSPC model was used to distinguish the sources and magnitude of nutrients from the watersheds in different phases of ENSO (La Niña, El Niño, and neutral). The linked models were run to capture five La Niña and five El Niño years in order to calibrate and validate the model. Seasonal precipitation and temperature in southern Alabama vary with ENSO phase, especially in winter, spring, and summer months (data not shown).
For quantifying the long-term impact of climate variability on DO and stream temperature, the model simulations were extended to 55 years (starting from 1950) using the calibrated parameters. For ammonia nitrogen permitting, toxicity-based and DO-based criteria should be satisfied. To test against the toxicity-based criteria, stream temperature, pH, and streamflow were used, and to test against the DObased criteria, DO was the only water quality variable used (daily average of 5 mg L -1 at all times). Since modeling pH is a relatively complicated process, and we were not confident about the modeling capacity of the adopted watershed model for pH, we considered the conventional modeling approach of using average pH (Stahl and Smith, 2002) . Of the above-mentioned stream characteristics, only daily streamflow data were available from a USGS gauging station (02471001) since 1952. Stream temperature and DO were simulated using the calibrated and validated models. For tailoring the ammonia nitrogen permitting for different ENSO phases, instead of an all-year average, these parameters were averaged separately for La Niña and El Niño phases for use in equation 6 for different types of fish and aquatic life. A schematic representing the river system modeling and analysis with ENSO is shown in figure 2.
LSPC MODEL CONFIGURATION AND INPUT DATA
Watershed modeling is important for quantifying pointsource and nonpoint-source loading for the watershed for DO modeling. For this purpose, we used the LSPC model, which is a version of the widely used Hydrologic Simulation Program-Fortran (HSPF) model (Bicknell et al., 2001 ) written in C++. 
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Hourly precipitation and other climatological data, such as cloud cover, dewpoint temperature, solar radiation, wind speed, air temperature, and evapotranspiration, are some of the most sensitive inputs to the model. Climate data are needed on an hourly time scale for the appropriate representation of hydrologic response. The NCDC climate station (Coop ID-015478) at the Mobile Regional Airport provided these data, and missing climate data were obtained from nearby climate stations (Coop ID-01583 and Coop ID-1084). The input data, with their sources, used in this study are summarized in table 1.
The LSPC model was configured to simulate a series of hydrologically connected subwatersheds, which contributed runoff and nutrient load to the corresponding reaches, where the cumulative flow and pollutant loads were routed downstream, eventually contributing as input to the EPD-RIV1 in-stream model. A 10 m resolution digital elevation model (DEM, 2010) was used in ArcGIS for the watershed delineation and extraction of the stream network. The 2001 land cover data set (NLCD, 2010) and high-resolution soil data (SSURGO, 2010) were utilized to acquire land use and soil-related parameters, respectively. The land use was categorized as low, medium, and industrial urban (13%); deciduous, evergreen, and mixed forest (47.4%); woody and herbaceous wetland (18.6%); range shrubland, grassland herbaceous, and hay (19.4%); and the remaining 1.6 % as water, southwestern range, and agricultural land. The watershed soil is characterized predominantly by hydrologic soil groups A, B, and D.
In-stream water quality data collected by the Alabama Department of Environmental Management (ADEM) for stream temperature, nutrients, chlorophyll-a, BOD, ammonia nitrogen, and DO were available since 1980 at station CS1 (latitude = 30.78224°, longitude = -88.07248°) ( fig. 1 ).
Streamflow, Stream Temperature, and Point and Nonpoint Pollutant Simulation using LSPC
Streamflow simulations were carried out for 16 years using USGS gauge observed data from 1990 to 2005 ( fig. 3) . The model was calibrated for the period of 1997 to 2005 and validated for the period of 1990 to 1996. However, streamflow simulations were started from 1 January 1985, which corresponded to a five-year warm-up period. The calibration period was selected as 1997 to 2005 so that the model could represent the current land use. Streamflow was calibrated at daily as well as monthly time scales.
Since water temperature is an important parameter for simulating biochemical transformation and DO, we calibrated water temperature after the hydrologic calibration. The period for temperature calibration and validation were from 1997 to 2003 and from 1990 to 1996, respectively. The selection of this period was based on the availability of data and its correspondence with the hydrologic calibration and validation. The model-simulated stream temperature was compared with observed stream temperature. As mentioned earlier, there is only one major point source, Stanley Brooks WWTP, in the study watershed ( fig. 1 ). The point source was taken into account in the LSPC model by using time series inputs for flow and concentrations. ADEM carried out the comprehensive assessment of the point-source discharge from the Stanley Brooks WWTP at different times. Nonpoint sources of pollutants are diffused and are from diverse sources. Monthly atmospheric data, such as ammonia and nitrate, were taken from National Atmospheric Deposition Program (NADP). These data were available for a short period (year 2010) from the Alabama-Mississippi border monitoring location (MS12) in the vicinity of the watershed. We compared these data with the data recorded at the Black Belt Research and Extension Center (AL10), located in Dallas County in central Alabama, which has long-term data sets (18 years) for the model calibration period. The difference in the observed data between these two stations were nominal; hence, we developed a regression equation based on the data monitored at station AL10 and the available data at MS12 to transfer the atmospheric deposition load from station AL10 to the study area. Model calibration parameters adopted in the Mobile Bay LSPC model and the Flint River watershed model (Tetra Tech, 2010) were used as starting points for the simulation of pollutants and source assessment. Since numerous physical and chemical processes affect the interplay between the nutrients, phytoplankton, and carbonaceous material and affect the DO level in a stream, we simulated a number of water quality variables. The model was calibrated for all constituents: ammonia, total nitrogen, total phosphorus, BOD5, chlorophyll-a, and DO from both a qualitative and quantitative perspective.
HYDRODYNAMIC AND IN-STREAM WATER QUALITY MODELING
EPD-RIV1 is a one-dimensional hydrodynamic as well as water quality model (USEPA, 2004) for rivers and estuaries. This model, originally developed in 1982 (Environmental Laboratory, 1990; Martin et al., 2002) , is a continuation of the CE-QUAL-RIV1 model (Bedford et al., 1982; USACE, 1995) and is used for hydraulic and unsteady-flow simulation (Herb and Stefan, 2010) . The model can simulate complex rivers and streams with significant lateral flows and tidal influences, provided that the stratification is limited to one direction.
The model consists of two components: a hydrodynamic component (EPD-RIV1H) that estimates streamflow, channel depths, flow velocities, water surface elevations, and other hydraulic characteristics, which are then used to solve the St. Venant equations, and a water quality component (EPD-RIV1Q) that can simulate water quality variables. For modeling purposes, the model assumes that the water body is one-dimensional (longitudinal) with uniform velocity over the cross-section and is well-mixed laterally and vertically.
Hydrodynamic Model Configuration
Chickasaw Creek and its tributaries downstream from the USGS gauge ( fig. 1) were represented using ten different cross-sections based on the geometric properties of the stream network, computational requirements, and distribution of the point and nonpoint sources. The hydraulic model consists of one major branch, Eight Mile Creek. The bathymetry of the stream was obtained from the U.S. Army Corps of Engineers at the downstream end, near to the confluence with Mobile Bay. In addition, the cross-sectional information was collected from the USGS and Alabama Department of Transportation's (ALDOT) Bridge Department. The river cross-section was further verified using LIDAR data obtained from the City of Mobile, Alabama, and FEMA HEC-2 flood-forecast studies. A Manning's roughness of 0.035 was used for the channel, which was validated by the report prepared by the FEMA flood forecast studies for the Chickasaw Creek. The upstream boundary conditions were achieved from the USGS. Hourly streamflow data were derived from the USGS gauging station after LSPC model calibration and validation and were used as an upstream boundary condition. Point-source discharge from the Stanley Brook WWTP was used as a boundary condition.
In addition, the hydrodynamic model requires downstream boundary conditions and initial conditions. Since observed downstream water level data were not available, we utilized the unsteady-state simulation module in HEC-RAS to derive downstream boundary conditions. The steady-state flow simulation module in HEC-RAS was utilized to derive the initial flow depth at different river crosssections (initial condition) for both the hydrodynamic and water quality models. This approach of deriving downstream boundary conditions using HEC-RAS has been used by various other projects (Herb and Stefan, 2008; ADEM, 2006) . Additional cross-sections in the stream were generated using the HEC-RAS interpolation function. HEC-RAS uses the same one-dimensional unsteady-flow St. Venant equations to estimate water surface elevations for a given discharge (Te Chow, 1959) as those used in the hydrodynamic model EPD-RIV1.
In-Stream Water Quality Model Configuration and Calibration
The hydrodynamic linkage file prepared by the EPD-RIV1 model was transferred to the water quality component while performing water quality simulations. The same meteorological station (Coop ID-015478) located at the Mobile Regional Airport was utilized. We employed a direct mapping scheme to link the hydrodynamic and water quality models, resulting in 18 segments (19 cross-sections) with the same geometry applied in the hydrodynamic model. The initial conditions at each cross-section were provided for the nine state variables (temperature, CBODu1, org-N, NH 3 -N, NO 3 -N, org-P, ortho-P, DO, CBODu2). The model run was extended for an additional period of six months to achieve steady state for both the hydrodynamic and the water quality models. The boundary conditions for the point source were specified based on grab samples furnished by the ADEM and further verified by the discharge monitoring report (DMR) . The flow at the point-source discharge was also specified as a boundary condition for the hydrodynamic modeling.
Once we configured the model, we explored the governing mechanisms primarily responsible for DO variations in the Chickasaw Creek watershed. Since long-term observed datasets were available, we simply plotted observed variables such as TN, total Kjeldahl nitrogen (TKN), TP, chlorophyll-a, BOD5, ammonia nitrogen, stream temperature, and streamflow against DO (fig. 4) . The scatter plots show that streamflow and stream temperature are the most important variables affecting DO. The model outputs were compared to the observed data for various water quality parameters. The model parameters subjected to calibration were stream temperature, BOD, ammonia nitrogen, and DO. The model was calibrated in a stepwise manner to adjust the model parameters within a reasonable range to adequately reproduce the observed data.
RESULTS AND DISCUSSION
MODEL PERFORMANCE
Model performance was assessed using a number of nondimensional measures, such as the Nash-Sutcliffe coefficient of efficiency (NSE) (Nash and Sutcliffe, 1970) , mass balance error (MBE), and the coefficient of determination (R 2 ), because there is no single best statistical measure to check the performance of a model's output against observed data. Details on the statistical parameters for measuring the performance of a model can be found in the literature (e.g., Moriasi et al., 2007) . Interested readers can also refer to the articles by Lumb et al. (1994) for various methods of assessing model adequacy.
Daily, monthly, seasonal, and total modeled flows (not shown) were compared with observed data to measure the model performance. The calibrated model parameters were applied to an independent time period (1990 to 1996) for model validation to ensure that the calibrated parameters can be applied in a wide range of conditions. Model validation was satisfactory, demonstrating that hydrological parameters were able to capture the system dynamics ( fig. 3) . The statistical parameters, such as NSE, R 2 , and MBE, are listed in table 2.
Similarly, the simulated water temperatures closely resembled the observed temperatures and captured the seasonal variations (fig. 5 ). The R 2 value for stream temperature was 0.73, indicating a reasonable model performance. In addition to the statistical measures (table 2), the LSPC model performance for water quality calibration was judged through visual inspection using the best professional judgment of model fitting to the observed data. Figure 5 shows the comparison between the observed and simulated water quality variables at a monitoring station. This figure indicates that the model represented the seasonal variation in water quality of the system well. The performance statistics indicate that the model satisfactorily predicted water quality constituents for the calibration period. Figure 6 shows the BOD, stream temperature, and DO simulation using the LSPC linked EPD-RIV1 model. In general, it was found that the model captured the temporal distribution of water quality constituents satisfactorily.
EFFECT OF ENSO ON STREAMFLOW, TEMPERATURE, AND DO
Using the calibrated and validated models, we quantified the impact of ENSO on DO and stream temperature. The classification of ENSO phase was based on the Niño 3.4 index, which is calculated based on the 3-month running average of ERSST.v3b sea surface temperature (SST) anomalies in the Niño 3.4 region (5° N to 5° S, 120° W to 170° W) (Trenberth and Stepaniak, 2001 ). The watershed experienced several El Niño (1991 -1992 , 1994 -1995 , and 1997 -1998 ) and La Niña (1995 -1996 , 1999 years during the model calibration and validation period. The association of nutrient load with ENSO phase varied from season to season. El Niño years contributed significant winter and spring streamflow in 1992, 1995, and 1998 (fig. 3 ). These years corresponded to a higher nutrient load (total nitrogen, total phosphorus) and a relatively higher rate of winter and spring DO ( fig. 5) . Conversely, La Niña years, especially in 1999 and 2000, contributed less streamflow in winter seasons. Therefore, these years corresponded to less nutrient load, higher stream temperature, and less DO in winter and spring seasons. The impact of persistent drought caused by La Niña from late 1998 to August 2000 resulted in low streamflow (0.51 m 3 s -1 ), high stream temperature (27°C), and low DO (2.5 mg L -1 ) at the USGS gauge. This substantially low flow was experienced by a few nearby watersheds in southern Alabama (Perdido and Fish River watersheds) as well (not shown). When a stream encounters very low and calm flows, re-aeration decreases and temperature increases, resulting in low DO levels. The point-source contribution during this period was relatively higher, suggesting that it has more influence during La Niña (dry) years compared to El Niño (wet) years. The impact of nonpoint sources on DO was also evaluated under La Niña and El Niño conditions separately. The nonpoint source has more effect on DO variation in the El Niño period than in the La Niña period (not shown).
We also analyzed the correlation between streamflow, stream temperature, and DO with ENSO using 55 years of ENSO information and model-simulated data. Because a stream's DO level is a function of streamflow and temperature, ENSO shows strong correlation with all these variables. The analysis was focused in two seasons, i.e., December to April and August to October, because ENSO greatly affects precipitation in these seasons in the Southeast (Keener et al., 2007) . Figures 7 and 8 show the variations in spatially averaged streamflow, stream temperature, and DO in different ENSO phases in different seasons. NSE, MBE, and R 2 are Nash-Sutcliffe efficiency, mass balance error, and coefficient of determination, respectively.
shows that streamflow and DO concentration tends to be higher for El Niño periods than La Niña period during winter season (December to April). Conversely, stream temperature is higher in La Niña periods compared to El Niño periods. Figure 8 shows that DO tends to be higher in El Niño periods than in La Niña periods during strong ENSO events (ENSO events perpetuated for at least one year are considered) in May to July. However, this is just the reverse in August to October, as the flow tends to go high in the La Niña phase in these months.
Kendall's rank correlation tau (τ) and Pearson correlation for streamflow, stream temperature, and DO with ENSO in two seasons (December to April and August to October) suggest that they are correlated with ENSO phase (table 3) . Similarly, differences in El Niño and La Niña were evaluated at a significance level of p < 0.05. Figure 7 shows that differences exist in flow, stream temperature, and DO in different ENSO phases during December to April (this period is considered winter in the conventional approach of NPDES permitting). This is evaluated at p < 0.05 using the nonparametric Kruskal-Wallis test and shown in figure 7 . Interestingly, a significant difference exists for DO, a variable of particular interest in this analysis, for different ENSO phases. Our results strongly suggest that DO, streamflow, and temperature are directly linked to nonstationary climate modes ENSO.
The ENSO signature in summer (May to July) becomes distinct only during strong ENSO events that perpetuate for a number of years. The DO variation (p < 0.05) during May to July in different ENSO phases for the strong ENSO events (i.e., La Niña or El Niño is experienced throughout the year) is given in figure 8 . Similarly, the streamflow and DO variations in the August to October season (considered summer in the conventional approach of NPDES permitting) in different ENSO phases is shown in figure 8 . However, the box plots show a relatively higher degree of variability in August to October, indicating a slight overlap of the inter quartile range in each box plot of streamflow and DO.
ENSO AND AMMONIA PERMITTING
The preceding analysis clearly indicated that in two seasons, winter (December to April) and summer (August to October), variations in streamflow, DO, and stream temper- ature can be attributed to ENSO. Therefore, we wanted to evaluate the differences in ammonia permitting for two different climatic conditions (El Niño and La Niña) in these two seasons. As discussed earlier, we relied on a USEPAprescribed equation (eq. 6) to determine the allowable ammonia nitrogen for different seasons, which is based on 7Q10 low flows. Since the seasonal 7Q10 has been adopted by different state agencies, such as the South Carolina Department of Environment and Natural Resources and the Alabama Department of Environmental Management, we explored the climatic conditions that can accommodate higher assimilation and the climatic conditions that demand stricter regulation using seasonal 7Q10. For this purpose, we estimated 7Q10 in both seasons, i.e., December to April and August to October. This approach of seasonal analysis is more practical and consistent with the USEPA's TMDL policy (Conrads et al., 2003) . The estimated 7Q10 (1.9 m 3 s -1 ) using log-Pearson III distribution and 7-day consecutive average annual low streamflow corresponding to different El Niño phases (marked with triangles) are shown in the figure 9. The El Niño streamflow always exhibited strong association with higher streamflow, and even the lowest streamflow encountered in El Niño periods over 55 years of historical records (2.52 m 3 s -1 ) was substantially higher than the adopted 7Q10 (1.9 m 3 s -1 ). This was further confirmed in two additional watersheds: Fish River and Perdido ( fig. 9) .
The 7Q10 calculated separately using El Niño years for the Chickasaw Creek watershed was 2.58 m 3 s -1 . This allows 28% more permissible discharge in the Chickasaw Creek watershed in winter season (table 4) after satisfying the minimum DO requirement of 5 mg L -1 . This result was derived using average pH in different ENSO phases. However, the correlation of pH with ENSO phases during January to March using Kendall's correlation (0.14) and Pearson correlation (0.10) for the observed data since 1980 showed that climate variability may cause slight variations in pH. The monthly variation of pH has been documented in several past studies (Araoye, 2009 ). We performed a sensitivity analysis of pH to calculate the NH 3 -N toxicity limit (eq. 6). The analysis suggested that the equation is sensitive for pH higher than 7 but not sensitive at all for lower pH. If we consider that the pH is 8 instead of 7, the increase in assimilation is 29.4% instead of 28%. For pH lower than 7, there is no decrease in assimilation, which indicates that our assumption of using the average pH is justifiable. Incorporating climate-induced variability in pH into pointsource permitting can be a subject for future research. Table 4 indicates that, for a particular type of fish, the La Niña condition closely resembles the adopted 7Q10, suggesting that La Niña represents the lowest flow condition, which is further explained by figures 9 and 10. Besides interseasonal variation, significant variation in stream characteristics within the season (intra-seasonal variation) in different ENSO phases was observed. We observed the possibility of releasing more pollutants in the La Niña phase of the August to October season (associated with higher streamflow and higher DO but with a great deal of variability) because the continuation of La Niña in the successive season (winter La Niña, i.e., critical condition) will require stricter regulations. Figure 10 illustrates the possibility of storing the pollutant in a previous season and releasing it in the following season, which is especially true when we encounter an El Niño period in the August to October season and NOAA predicts the continuation of El Niño phase for the consecutive season. This provides an opportunity to reduce pollutant loads in El Niño in August to October (critical condition) and transfer the pollutant to the successive El Niño winter season (high assimilative period). This approach of interseasonal pollutant transfer to the next season, utilizing the prior knowledge of ENSO forecasts and without compromising the minimum water quality threshold, is particularly suitable for a flow-based treatment plant or treatment plant operating under the HCR approach. The HCR system involves using devices for the measurement of the water quality threshold, velocity of streamflow, etc., to discharge pollutants based on instantaneous flows. Therefore, when a drought is extended for a number of years, the system will need to continuously hold the pollutant. This can be managed properly using ENSO information. The potential link of ENSO forecasts to variations in streamflow, stream temperature, and DO provides an opportunity to release the pollutant based on the assimilative capacity of the stream.
ENSO FOR THE IDENTIFICATION OF CRITICAL CONDITIONS
Identification of the critical condition for NPDES permitting and TMDL development is an important but challenging issue. For this, we divided the summer into two seasons (May to July and August to October) to identify the critical conditions. We recommend different 7Q10 for the two seasons as more assimilation can be achieved in May to July (7Q10 = 1.1 m 3 s -1 ), and stricter criteria should be adopted for August to October (7Q10 = 0.88 m 3 s -1 ). This is consistent with past TMDL studies in Alabama, which suggested that August to October is a more critical period. The ENSO signature demonstrates two other critical conditions in different seasons. The La Niña period in May to July is characterized by substantially less DO than the El Niño period in this season ( fig. 8 ). This period would be a critical for both toxicity and DO limits if the La Niña perpetuates for a number of years. Similarly, the El Niño in August to October is characterized by less DO. The hypoxic condition in the stream will be further detrimental to the aquatic life (critical condition) as the stream experiences increased temperature and decreased streamflow simultaneously.
August to October is a period when ENSO demonstrates a relatively better response than May to July. This is consistent with previous research (e.g., Keener et al., 2007) . Figure 8 illustrates that La Niña in the August to October season tends to have higher streamflow but with a high degree of variability and can produce the lowest streamflow during this season as well. This is particularly attributed to summer thunderstorms. Therefore, releasing more pollutant in this period is risky. The lowest streamflow for La Niña in August to October was encountered in 1954. We further explored this occurrence and discovered the following. The watershed concurrently experienced extremely low precipitation in the winter and spring months of 1954. The lowest streamflow in August 1954 was due to the influence of the low precipitation encountered in the spring and winter months. For this, we introduced a new index (the ratio of precipitation from January through July to annual precipitation) and developed a chart ( fig. 11 ) that plots the average 7-day low flows for a La Niña year with this index. This chart suggests that the low streamflow in the August to October season is weakly correlated (R 2 = 0.39) with the precipitation characteristics of the preceding season. The lower streamflow can be expected if the precipitation index is less than 0.5 ( fig. 11 ). This indicates that climatic conditions of the immediately preceding season should be thoroughly interpreted before releasing more pollutant in the current season. The tendency of extremely low flow to be autocorrelated with the previous season's precipitation or streamflow was studied comprehensively using autocorrelation and cross-correlation functions and is described in the following section.
ENSO Signal for Critical Conditions
When the streamflow becomes extremely low (less than anticipated 7Q10) due to extreme meteorological drought conditions, the streamflow becomes primarily a function of the previous season/month's underground storage. This is further confirmed using the autocorrelation graph of base flow, which closely resembles the low flow conditions in the stream, demonstrating an autocorrelation even after three months (one season) ( fig. 12 ). This autocorrelation is true for streamflow as well ( fig. 12 ). Further evaluation of the cross-correlation function between low streamflow and the preceding ENSO characteristics shows that streamflow in the August to October season manifests cross-correlation with the SST anomalies in Niño 3.4 region (Niño 3.4 index) in the winter and spring seasons ( fig. 12) , with 0.17 for two-season lag and 0.13 for one-season lag. Hence, it can be concluded that the ENSO characteristics provide sufficient clues to understanding the streamflow characteristics in August to October. This is further explained by figure 13, which demonstrates that substantially low streamflows (lesser than adopted 7Q10) were encountered in August 2000 due to the continuation of La Niña since 1998. The reason for extremely low flows in 2007 can also be described by the ENSO characteristics that were experienced over that period. There are primarily two reasons for this: (1) the watershed experienced El Niño in 2006 in this season, characterized by the lowest streamflow, and this is consistent with previous research indicating that seasonal streamflows are a function of the ENSO characteristics of the previous year (Gámiz-Fortis et al., 2010) and also a function of previous streamflows in that season; and (2) the watershed experienced winter drought in 2007. This autocorrelation characteristic of streamflow led to extremely low flows in 2007 (August to October) in Chickasaw and other creeks ( fig. 13 ). When a drought perpetuates for a long time, the streamflow will be considerably less than the adopted 7Q10 and may require further reduction in the point-source discharges. Extremely low flows will be a function of winter and spring streamflow, SST, and precipitation.
SUMMARY AND CONCLUSION
In this article, we investigated the connection between climate variability and point-source permitting for water quality protection of the Chickasaw Creek watershed of southern Alabama. The study was carried out using a nonstationary climate mode, ENSO, and its impact on simulated DO, stream temperature, and streamflow. The DO and stream temperature were simulated using the watershed model LSPC and the hydrodynamic and water quality model EPD-RIV1. We further analyzed the long-term observed streamflow in different ENSO phases. Various nonparametric tests and statistical analyses were performed to detect correlation between ENSO and the simulated stream temperature, DO, and observed streamflow over a period of 55 years. Analysis suggested that stream temperature, DO, and streamflow are correlated with ENSO.
Traditionally, seasonal 7Q10 is adopted to consider the seasonal variations of streamflow for pollutant assimilation. However, due to interannual climate variability, the seasonal variation of streamflow is significant in La Niña and El Niño periods. More importantly, the conventional method of point-source permitting neither fully utilizes the assimilative capacity of the stream nor captures extreme drought. Hence, the specific objective of this research was to demonstrate how short-term climate information can be used for improved point-source discharge permitting.
Ammonia nitrogen permitting from a wastewater treatment plant was investigated in this study. Because the unionized form of ammonia nitrogen becomes toxic at a certain temperature and pH, the toxicity limit and DO limit in the stream were used to regulate its discharge. The criterion maximum concentration (CMC) and criterion continuous concentration (CCC) suggested by the USEPA were used to set the severe and acute criteria involving freshwater mussels. Three interseasonal dry periods, such as La Niña winter (December to April), La Niña summer (May to July), and El Niño fall (August to October), were identified as periods of critical conditions, and wet periods, such as El Niño winter (December to April) and La Niña fall (August to October), were identified as periods of high streamflow and assimilation. However, La Niña fall exhibited a great deal of variability. It was found that El Niño winter can assimilate 28% more ammonia nitrogen than what is allowed using conventional seasonal 7Q10 in this season. This period can be utilized to assimilate the waste from the preceding season (El Niño in August to October), provided that the pollutant could be stored temporarily, because El Niño in August to October generally represents critical condition.
Most often, drought perpetuates for a long time before severe hydrological drought is encountered. The summer low flow was found to be autocorrelated with spring and winter streamflow and cross-correlated with spring and winter SST anomalies. Therefore, ENSO provides sufficient warning for an impending drought (critical condition). In addition, most total maximum daily loads (TMDLs) are developed to satisfy applicable water quality standards for critical conditions. Identification of critical conditions in the water body caused by climate variability is a major step in capturing the worst-case scenario, leading to the protection of aquatic life and maintenance of designated use. ENSO can be a useful tool for TMDL allocations and NPDES permitting in the future. The potential link between interannual climate variability caused by ENSO can be utilized in NPDES permitting, especially when impending droughts due to ENSO can be projected a few months in advance. This can avoid the uncertainty associated with low flow estimation due to limited data. Overall, the research demonstrated the potential of using climate information in NPDES permitting for improved protection of water quality and aquatic life.
